We report the cloning of a Distal-less-like gene (PwDlx-3) and its pattern of expression during embryonic development and adult tail regeneration in the urodele Pleurodeles waltl, Using RT-PCR and in situ hybridization experiments we determined that, during regeneration, PwDlx-3 is expressed in the epidermis, the cells associated with muscle masses and in the ventrolateral parts of the ependymal tube. PwDlx-3 localization in the muscle masses and in cells of the ependymal tube, which give rise during regeneration to the ventral roots and the spinal ganglia, suggests that this gene might be expressed in cells which have some neural crest cell potentialities. PwDlx-3 is the first homeobox gene shown to be expressed in the regenerating spinal cord but not in the adult one and could thus be involved in the regeneration of the nervous system.
Introduction
Urodeles such as Pleurodeles waltl are adult vertebrates able to regenerate their amputated limbs and tail (for review, see Windle, 1955) . After amputation of the tail, cells from the epidermis migrate to cover the stump, thus forming the wound epidermis. Under this epithelium, cells originating from the tissues of the stump dedifferentiate to a mesenchymal cell type and grow to form the blastema. In the blastema, cells accumulate and are maintained in a highly mitotic active and undifferentiated state. During blastema growth, proliferating ependymoglial cells originating from the amputated spinal cord give rise to a new ependymal tube. Under the ependymal tube, mesenchymal blastema cells condense to form the cartilage rod and, later on, the lateral skeletal muscle masses. The metamerized structure of the tail is thus re-formed (for review, see Iten and Bryant, 1976) . Molecular mechanisms that promote regenerating processes have not yet been elucidated. The wound epidermis could play an important role by influencing or initiating cellular dedifferentiation and by stimulating cell proliferation (Stocum and Dearlove, 1972; Tassava et aI., 1987; Poulin et aI., 1993) . The ependymal tube is essential for tail regeneration (Holtzer, 1956; Egar and Singer, 1972) . It plays a key role in cell proliferation and the condensation of mesenchymal blastema cells. Considering that spinal cord regeneration and spinal cord development processes do not seem to follow exactly the same morphological steps, it is very important to study genes implicated in the regeneration of the central nervous system (CNS) to know whether or not the same genes are implicated.
It has been proposed that the expression of many genes involved in embryonic development may be reactivated during regeneration or maintained in the adult animal (Brown and Brockes, 1991; Muneoka and Sassoon, 1992; Simon and Tabin, 1993; Beauchemin et aI., 1994) . Among the genes involved in development, the homeobox genes encoding transcriptional regulators are thought to be the gene family which is involved in the formation of the body plan and determination of the relative positions of the cells in the organism (Levine and Hoey, 1988) . Homeobox genes are grouped into classes based on the sequence of their homeoboxes (Scott et aI., 1989; Duboule, 1994) . Many homeobox genes belonging to the Hox clusters show spatial restrictions in expression along the antero-posterior axis during CNS formation (Hunt and Krumlauf, 1992; McGinnis and Krumlauf, 1992) . In addition, if the anterior expression boundary is strictly defined, the caudal expression domains overlap so that, in the posterior part of the CNS, most of the genes of a given cluster are expressed. Another class of homeobox genes has been characterized that is predominantly expressed in the embryonic forebrain, neural crest derivatives and epidermis. These genes shoW homologies to the Drosophila Distal-less gene (Cohen et aI., 1989) which is involved in the proximo-distal pattern formation of both adult and larval fly limbs and is also required for the normal development of sense organs associated with larval developing limbs . In vertebrates, four different Distal-less gene families have been characterized. They are based on the sequence of the mouse genes Dlx-l, -2, -3 and -4 depending on the position and type of amino acid changes within each homeodomain (Price et aI., 1991; Porteus et aI., 1991; Robinson et aI., 1991) . During development, Dlx-l and Dlx-2 related genes are expressed in the forebrain, branchial arches and sense organs of the head whereas Dlx-3 related genes are expressed in the skin, branchial arches, developing teeth, whisker follicles and inner ear (Ekker et aI., 1992; Robinson and Mahon, 1994) but not in the neural ectoderm. In mouse limb development the Dlx-3 transcript is detected throughout the forelimb apical ectodermal ridge (Morasso et al., 1995) . In the newt Notophthalmus viridescens, two Distal-less genes have been isolated (Beauchemin and Savard, 1992) : NvHBox-4 is most closely related to Dlx-3 and NvHBox-5. These authors have shown that these genes are expressed in the skin of the adult newt and are also expressed in the epidermis of the blastema during limb regeneration.
The striking aspect of tail regeneration is the reformation of the spinal cord. In order to know if some homeobox genes expressed during nervous system development are involved in spinal cord regeneration, we screened a Pleurodeles waltl tail regenerate cDNA library. In this paper, we report the cloning and the characterization of the Pleurodeles waLtl Distal-less like gene (PwDlx-3). This gene belongs to the Dlx-3 gene family. Using reverse transcription-polymerase chain reaction (RT-PCR) and in situ hybridization, we show that this gene is expressed in the adult and regenerating epidermis, in cells localized in the regenerating muscle masses and in the regenerating spinal cord. The PwDlx-3 transcript is localized in the ventrolateral parts of the regenerating ependymal tube where cells emerge to give rise during regeneration processes to the ventral roots and the spinal ganglia (Geraudie et aI., 1988; Arsanto et aI., 1992) and which have some neural crest cell potentialities (Benraiss et aI., 1996) .
Results

Cloning of PwDlx-3
Homeobox genes encode for homeodomain proteins containing four a helices conserved among all species.
We have chosen to use helix 1 (ELEKEFH FlY NRYLTRRR) and helices 3 and 4 (ERQIKIWFQNRRM-KWKKD) coding sequences of 30 homeobox genes to design degenerated oligonucleotides (HI and H3, 47 bases and 54 bases long, respectively).
We have constructed a cDNA library from polyA+ RNA isolated from 10 days old Pleurodeles waltl tail regenerates. We screened 4 X 10 5 plaque-forming units (pfu) of the amplified library with HI and H3 probes. Under stringency conditions that allow 70% of homology to give a signal, we isolated 24 independent clones. All clones were positive with H3 and six were positive with HI. Restriction analysis using EcoRI, BglII and EcoRI + BglII showed that ten clones had nearly identical restriction patterns. In order to determine which homeobox gene family these clones belong to, restriction fragments of one of these clones were subcloned and sequenced.
The nucleotide and deduced amino acid sequences of the homeobox gene are shown in Fig. lA . The cDNA contains an open reading frame of 825 bp encoding a putative 274 amino acid-long protein with an estimated molecular weight of 30.6 kDa. Using BLAST (Basic Local Alignment Search Tool) programs (Altschul et aI., 1990) , we identified this cDNA as belonging to the Distal-less gene family. The coding sequence is very conserved with the Notophthalmus viridescens DistaL-Less homologous NvHBox-4 (Beauchemin and Savard, 1992) . Their nucleotide sequences are 82% identical and their amino acid sequences show 97% identity and differ in only nine positions, as shown in Fig. lB . Pleurodeles waltl Distal-Less-like gene (PwDlx-3) shows high amino acid identity with mouse Dlx-3 (Fig. IB) (Robinson and Mahon, 1994) , Xenopus Laevis Xdll-2 (Morasso et aI., 1993; Papalopulu and Kintner, 1993) and zebrafish Brdlx3 (Ekker et aI., 1992; Akimenko et aI., 1994) . Their amino acid sequences are 69%, 64% and 62% identical, respectively, and their homeodomains are strictly conserved.
Expression of PwDlx-3 during deveLopment
The level of PwDlx-3 expression was analyzed at different developmental stages using quantitative RT-PCR experiments performed with specific primers for PwDlx-3 cDNA. Total RNA was extracted from early blastula, before zygotic transcription which occurs in late blastula, from gastrula, neurula, tail-bud and larvae (stage 35) (for developmental stages, see Shi and Boucaut, 1995) . In order to enrich the amount of specific cDNA, reverse transcription was performed using specific primers for 
TrCD3I\CAAT.
'lICCI'IG!\GiI\ATAAC'CCCII::m'ACCACCACCJCAC.A 1560
AG3XCIO\C~ACCATGCACCATACACX::ACCCG3CACAm::rrXmGrACI'~ATACImACr~TAATAGACIt:m'<rIlll 1680 The nucleotide sequence of PwDlx-3 and its corresponding amino acid sequence. The four a helices of the homeodomain are boxed; the initiation codon is underlined, the stop codon is indicated by an asterisk (*). The cDNA fragment from which the RNA probes used in in situ hybridization experiments were synthesized is underlined. (B) Alignment of the PwDlx-3 amino acid sequence to the newt ortholog NvHBox-4 (Beauchemin and Savard, 1992) and mouse Dlx-3 (Robinson and Mahon, 1994) . Identities between PwDlx-3 and NvHBox-4 are indicated in light gray and identities between all three proteins in dark gray. (GenBank accession number: U49645.)
PwDlx-3 mRNA and for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) standard, a typical 'housekeeping' gene (Fort et aI., 1985) . We determined the number of amplification cycles to quantify the level of the PwDlx-3 expression. Quantitative RT-PCR results are shown in Fig. 2 . PwDlx-3 transcript is not detected in or before early blastula; this implies that the mRNA does not accumulate in the oocyte. PwDlx-3 transcription is induced at high level when zygotic transcription occurs. The expression of this gene is maintained throughout larval development but its level of expression decreases significantly.
Expression of PwDlx-3 mRNA in adult and regenerating tissues
PwDlx-3 transcript was detected on a Northern blot of Pleurodeles regenerating and adult tail total RNA. The Northern blot was hybridized with a radioactive probe synthesized from the entire PwDlx-3 clone. A single transcript of 2.8 kb was detected both in regenerating and adult tail tissues (Fig. 3A) .
RT-PCR assays were performed as described previously, to analyze the distribution of the PwDlx-3 messenger in various adult tissues. PwDlx-3 mRNA was detected in adult tail skin as well as in lung and brain. No signal is evidenced either in tail muscles or in several other tissues (gut, stomach, spleen, kidney, heart and liver) (Fig. 3B) . During tail regeneration, the expression of the mRNA is increased by comparison to its expression in adult tail. Using a bio-imaging analyzer, we determined that EB Ga Ne TB La -416 bp 277 bp PwDlx-3 RNA is expressed two-fold in tail regenerates over adult tail. No variation of its expression was detected throughout the antero-posterior axis of the regenerate (data not shown).
Quantitative RT-PCR and in situ hybridization in regenerating tail
Quantitative RT-PCR experiments were performed to investigate the regional distribution of PwDlx-3 mRNA in regenerating and adult tail. Ependymal tubes were collected with biopsy needles in 800 p.m thick cryostat sections. Regenerating muscles were dissected free of wound epidermis, as shown in Fig. 4A , and RNA extracted from punches of regenerating ependymal tube, regenerating muscles and wound epithelium. We chose 4-week-old regenerates because they were wide enough to dissect, unambiguously, the different regenerating tissues. In addition, RNA was prepared from adult spinal cord, tail skeletal muscles and tail skin. Multiplex RT-PCR was performed as described in the previous section. GAPDH was used to normalize the amount of cDNA obtained with the various tissues. Results are shown in Fig. 4 . PwDlx-3 gene is expressed in the wound epidermis (Fig. 4B ) and no significant variation of its expression was detected in the wound epithelium nor in the adult skin. In contrast, PwDlx-3 transcript was detected in the ependymal tube during regeneration even though no expression was detected in the adult spinal cord (Fig. 4C ). PwDlx-3 was also detected in regenerating muscle masses but not in the adult skeletal muscles, as shown in Fig. 4D . The expression in the regenerating ependymal tube and the regenerating muscles might be responsible for the double amount of PwDlx-3 transcript detected in the tail regenerates.
In order to refine the localization of PwDlx-3 transcript in the regenerating tail, we performed in situ hybridization experiments with antisense and sense 321 nucleotide-long RNA probes. This probe was synthesized using a cDNA fragment chosen to be specific for the PwDlx-3 gene, which overlaps the end of the coding region and the beginning of the 3' untranslated region (Fig.  lA) . Results obtained from in situ hybridization correlate with those obtained by quantitative RT-PCR and are the first ones obtained in the urodele amphibians with digoxygenin RNA labeling and detection with alkaline phosphatase-conjugated antibodies. However, the endogenous phosphatases in the upper part of the epidermis (keratinized skin) are not inhibited by the classical inhibitor (Levamisol) and the border of the epidermis is underlined by a dark precipitate as shown in control slides in Fig. 5C ,D. The same signal is exhibited when the detection of hybrids is performed with peroxidase-conjugated antibodies (data not shown).
In situ hybridizations were performed on sections from 10--20-day-old tail regenerates because at these stages Southern blot analysis using PwDlx-3 cDNA on RT-PCR products from different tissues of the adult animal and from tail regenerate. Mu, muscles; Sk, skin; Gu, gut; St, stomach; Sp, spleen; Ki, kidneys; He, heart; Li, liver; Lu, lung; Hr, brain; RT, regenerating tail; AT, adult tail. (C) Identical experiment using the internal standard GAPDH. PwDlx-3 is mainly expressed in the skin, lung, brain and adult tail. The expression in adult tail correspond to the expression in the tail skin. During tail regeneration, PwDlx-3 is expressed twofold more than in adult tail but its level of expression remain constant in the skin, as shown in Fig. 4 . This correlates with the induction of PwDlx-3 in regenerating ependymal tube and regenerating muscles (see Fig. 4 ). muscles begin to be well differentiated. PwDlx-3 mRNA is found in wound epidermis during regeneration ( Fig.  SA) and is detected in regenerating muscle masses. However, it is not possible to determine, exactly, if the gene is expressed in the muscular cells or in the muscle associated cells (fibroblasts or Schwann cells of the peripheral nervous system) (Fig. SE,F) . We also detected expression of the PwDlx-3 gene in the ventrolateral parts of the regenerating neural tube (Fig. 6A) . PwDlx-3 expression in the ependymal tube correlates with the appearance of the muscle masses; before this, no significant signal was observed (data not shown).
Discussion
We have cloned and characterized a Pleurodeles waltl homeobox-containing gene, PwDlx-3, and described its expression pattern during tail regeneration. On the basis of the predicted amino acid sequence of its homeodomain, this gene belongs to the Distal-less family. Sequence comparisons with other vertebrate Distal-less related genes indicate that PwDlx-3 is the true ortholog of the newt NvHBox-4 (Beauchemin and Savard, 1992) : 97% of their amino acids are homologous and Northern blot analysis shows that their transcripts have the same size (2.8 kb). PwDlx-3 is probably the ortholog of the mouse Dlx-3 (Robinson and Mahon, 1994) , Xenopus laevis Xdll-2 (Morasso et aI., 1993; Papalopulu and Kintner, 1993 ) and zebrafish Brdlx3 (Ekker et aI., 1992; Akimenko et aI., 1994) . Amino acid sequence comparisons in the vertebrate Distal-less gene family show a conserved region and conserved tyrosines near the Nterminus. Although the function of these conserved motifs has not yet been elucidated, they may play an important role in the functions of the Distal-less protein.
Quantitative RT-PCR assays performed during the development of Pleurodeles waltl show that PwDlx-3 transcript is not significantly expressed as a component of maternal RNA. PwDlx-3 expression begins with zygotic transcription. Its pattern of expression, during development, is in agreement with the expression of Xenopus Xdll-2 (Dirkens et aI., 1994) . We show that the amount of PwDlx-3 transcript decreases during development. This reduction is compatible with an epidermis-specific expression, because the ratio epidermis versus other tissues decreases during development. 800 fim thick cryostat sections of a tail blastema aged of 4 weeks as shown in the picture. The circled spinal cord (SC) was collected using a biopsy needle, the regenerating muscles, boxed with black broken lines, where dissected free of epidermis. Ca, cartilage; Er, erythrocytes; Me, melanocytes. (B-O) Southern blot analysis using a cONA PwDlx-3 probe (up) and standard GAPOH probe (down) on RT-PCR products obtain from adult tail (A) or regenerating tail (R) in three tissues: epidermis (B), spinal cord (C) and muscle masses (D). PwDlx-3 is constitutively expressed both in adult and regenerating epidermis (B) but is induced in regenerating ependymal tube (C) and in regenerating muscles (D). The expression in the regenerating ependymal tube and regenerauug muscles correspond to the increase of the expression of PwDlx-3 detected in the regenerating tail in Fig. 3. that PwDlx-3 is mainly expressed in the skin. This result is in agreement with those described in other species (newt, mouse, Xenopus or zebrafish) with the same gene family. In the adult tail, PwDlx-3 is only expressed in the skin where its level of expression is very high. The maintenance of the expression in this adult tissue, probably due to the periodical renewal of the epidermis in adulthood, suggests that this gene is involved in the differentiation of skin cells and participates in the control of skin-specific gene expression.
PwDlx-3 is expressed in the adult skin and brain
RT-PCR experiments on various adult tissues reveal
PwDlx-3 transcript is also detected in the adult brain and lung. The expression in the brain correlates with that obtained by Beauchemin in the newt (Beauchemin and Savard, 1992) . Interestingly, the expression of Dlx-3-related genes is neither detected in the brain during development of the Xenopus, zebrafish or mouse nor in the adult mouse brain (Robinson and Mahon, 1994) . However, the other Dlx gene families are expressed during forebrain development but no data are available concerning the possible maintenance of their brain expression in the adult Xenopus or zebrafish. Although the amino acid sequence comparisons of the urodele and mouse Dlx-3-related proteins show that they are probably true orthologs, our results suggest that they could have a different function depending on the ability of the animal to regenerate or to grow throughout its life. The expression of PwDlx-3 in Pleurodeles walt! adult brain might be correlated with the fact that this animal, like other urodeles, has a high degree of plasticity in the CNS and is able to regenerate parts of its brain (Holder et aI., 1990) which generally corresponds to the CNS areas associated with neuroplasticity in other vertebrates (for review, see Bonfanti et aI., 1992; Rougon, 1993) . Another hypothesis would be that PwDlx-3 is the true ortholog of Dlx-3 and its expression in adult brain corresponds to a species-related variability. In this respect, it would be interesting to know if this brain expression is restricted to the urodeles or if it is also detected in the adult brain of Xenopus and zebraish.
Expression of PwDlx-3 in tail blastemas suggests participation in nervous system regeneration
Northern blot analysis shows that the PwDlx-3 gene is expressed in the adult and regenerating tail. RT-PCR experiments show that PwDlx-3 is expressed constitutively and ubiquitously in the adult skin and wound epidermis. This probably means that PwDlx-3 controls skin-specific genes simultaneously during renewal of the tail skin and during the regeneration processes. This hypothesis is in agreement with the results obtained both during Xenopus (Dirksen et aI., 1994) , mouse (Robinson and Mahon, 1994) or zebrafish (Akimenko et aI., 1994) development and during limb regeneration of the newt (Beauchemin and Savard, 1992) where Dlx-3-related genes are expressed in the epidermis. Unlike the previously reported newt NvHBox-4 gene (Beauchemin and Savard, 1992) , RT-PCR experiments allowed us to determine that the PwDlx-3 gene is expressed two-fold during tail regenera-tion compared to a non-amputated taii. This result did not correspond to an increase in expression during skin regeneration but to the induction of PwDlx-3 in the regenerating ependymal tube and in the regenerating muscles.
During development of mouse, Xenopus or zebrafish, Dlx-3-related genes are expressed in neural crest derivatives of the branchial arches, otic vesicle and inner ear (Papalopulu and Kintner, 1993; Akimenko et ai., 1994; Dirksen et ai., 1994; Robinson and Mahon, 1994) but not in the mesoderm or during newt muscle limb regeneration (Beauchemin and Savard, 1992) . Interestingly, during regeneration of the tail, PwDlx-3 expression is detected in the regenerating muscles, whereas no expression is detected in the adult skeletal muscles. In situ hybridizations shown that PwDlx-3 expression is localized in a unique cell type. This might be the result of its expression in Schwann cells associated with end plate formation (Thouveny et ai., 1991) . These Schwann cells, though they originate from neural crest during development, do so both from the disorganized peripheral nervous system (PNS) and from the ependymal tube itself during regeneration processes (Arsanto et ai., 1992) . In order to study the identity and the potentialities of the ependymal tube cells during tail regeneration of Pleurodeles waltl, Benraiss et ai. (1996) have reimplanted cultured cloned cells originating from the adult spinal cord into regenerates. We have shown that these cells could migrate and be incorporated into muscle masses or nerves. These cells, closely associated with differentiating muscles or nerves, were characterized to be Schwann cells. These results suggest that some cells in the adult spinal cord have neural crest cell potentialities.
Among the four Dlx gene families, only Dlx-3 is not expressed in the neuroectoderm. In Xenopus development, Xdll-2 was shown to be specifically repressed during CNS formation (Dirksen et ai., 1994) but Xdll-2 transcript is detected in the trunk and the tail of the Xenopus embryo (Papalopulu and Kintner, 1993) . However, these authors did not precisely localize the transcript in these parts of the embryo. In contrast, PwDlx-3, which is closely related to the Dlx-3 gene family, is expressed in the ependymal tube during tail regeneration. In situ hybridization experiments allowed us to localize PwDlx-3 mRNA in the ventrolateral parts of the regenerating ependymal tube. The PNS of amphibians is formed by mixed nerves (sensory and motor spinal nerves) which are localized in the ventral parts of the spinal cord (Thouveny et ai., 1991) . During amphibian development, spinal ganglia, associated with sensory spinal nerve roots, originate from the dorsolateral migration of neural crest cells. They are localized in the ventral parts and close to the spinal cord (Chibon, 1967; Collazo et ai., 1993) . In contrast, in the PNS formation during tail regeneration of the urodele, Geraudie et ai. (1988) saw no evidence of neural crest cells forming at the dorsal region of the regenerating neural tube. Ultrastructural and immunohistochemical studies of the PNS regeneration showed that cells originating from the ventrolateral parts of the regenerating ependymal tube gave rise to spinal ganglia and ventral roots (Geraudie et ai., 1988 (Geraudie et ai., , 1989 Arsanto et ai., 1992) . Put together, these results show that PwDlx-3 mRNA in the regenerating ependymal tube is localized in cells which may be able to migrate ventrally to participate in PNS regeneration. During vertebrate development, Schwann cells and spinal ganglia originate from neural crest cells. Our results concerning the potentialities of ependymal tube cells during regeneration seem to support the fact that cells emerging from the regenerating ependymal tube could have some neural crest cell potentialities (Benraiss et ai., 1996) . These cells, which can differentiate into Schwann cells after reimplantation into the tail blastema, could also be integrated into the ependymoglial tissue of the regenerating ependymal tube. According to these results, the PwDlx-3 gene may be expressed in cells participating in the formation of the PNS (spinal ganglion cells and Schwann cells) which originate from the neural crest during development. PwDlx-3 could thus be a marker for cells with neural crest cell potentialities. Another hypothesis would be that PwDlx-3 is expressed in precursor motoneurone cells, although it is not possible to determine exactly what kind of cell expressed this gene. According to the expression of Dlx-3 or Xdll-2 during development, i.e. these genes are not expressed in the neuroectoderm and are specifically repressed during CNS formation, we think that PwDlx-3 could not be expressed in motoneurone during regeneration. However, we could not exclude that during regeneration these cells could have other potentialities in addition to their neural crest cell potentialities. In addition, PwDlx-3 mRNA localization in the ventrolateral parts of the ependymal tube is in agreement with the results obtained during the development of vertebrates where most of the Dlx genes are expressed in he ventral part of the CNS. This may suggest that Distal-less genes could play a role in the dorsoventral axis determination during both development and regeneration.
The expression pattern of PwDlx-3 suggests that this gene is involved in the cellular differentiation of the epidermis during development, in the adult and during regeneration. It is also the first homeobox gene shown to be induced in the regenerating ependymal tube and, more precisely, expressed in cells with some neural crest cell potentialities. According to the amino acid sequence comparisons, PwDlx-3 is the true ortholog of Dlx-3. Our results suggest that this gene could have a different expression pattern during development and the regeneration process. We are currently studying the expression patterns of other Pleurodeles waltl homeobox genes. This should provide additional data on the molecular events occurring during nervous system regeneration.
Experimental procedures
Animals
The urodele amphibians used in this study were adults of the European salamander Pleurodeles waltl. Animals were obtained from the C.N.R.S. amphibian farm, 'Centre de Biologie du Developpement', universite Paul Sabatier, Toulouse, France. Pleurodeles were reared in groups of 10-12 and maintained in circulating tap water thermostatted at 18-20°e. Before surgery, adults were anesthetized with 1: 1000 MS 222 (tricaine methane sulfonate; Sigma). Amputations were performed on the. third rostral part of the tail. After appropriate periods of regeneration, the blastema were harvested by reamputation. Embryos were obtained directly from our own rearing and by natural reproduction.
Construction and screening of the regenerate cDNA library
One mg of total RNA was purified from IO-day-old tail regenerates using a standard protocol (Chirgwin et aI., 1979) . mRNA was isolated with oligo(dT) columns, cDNAs were synthesized using random and oligo( dT) primers and cloned at the EcoRI site of the lambda ZapII vector (Stratagene). The primary library (1.2 X 10 6 pfu/ ml) was amplified to yield a 3 X 1010 pfu/ml amplified stock which was used in further experiments. Phages (4 X 10 5 ) were plated and plaques were replicated on BA 85 nitrocellulose filters (Schleicher and Schuell). The resulting filters were hybridized with the HI (5'-GARCTG-GAGAARGARTTYCACTTYAAYCGCTACCTGACC-CGGCGVMG-3') and H3 (5'-GTCTTTYTTCCACTTC-ATCCKCCGGTTCTGGAACCAGATYTTGATCTGBC-GCTC-3') oligonucleotides. Three consecutive screens were performed by replating positive plaques at a lower density. Pure positive phage plaques were finally inoculated in 200,u1 of SM buffer. The pBluescript plasmid was then excised from the phages according to the supplier's instructions (Stratagene). Plasmid DNA, prepared from 10 ml of overnight culture using the Qiagen kit (tip 20, Diagen), was sequenced using the dideoxynucleotide chain termination method. Subcloning was done in pBluescript vector using standard methods (Sambrook et aI., 1989) .
Preparation of probes and hybridization conditions
The HI and H3 oligonucleotide probes were 5'-labeled with y[32P]A TP (7000 Cilmmol) using T4 polynucleotide kinase according to standard protocol (Sambrook et aI., 1989) . Filters were hybridized in 6 X NET, 5 X Denhardt, 0.1 % SDS and 100,u g/ml sheared salmon sperm DNA at 50°C for 16-18 h. After hybridization, the filters were washed four times for 5 min with 6 X SSC, 0.1 % SDS at 4°C and four times for 5 min with 2 X SSC, 0.1 % SDS at 50°e. The other probes were labeled by the classical random priming method (Feinberg and Vogelstein, 1984) . Northern blots were hybridized in 50% formamid, 5 X SSPE, 2 X Denhardt, 0.1 % SDS and 20,ug/ml of tRNA at 42°C for 16-18 h. Filters were washed twice for 3 min and once for 15 min at room temperature then twice for 15 min at 42°C and once for 15 min at 55°C in 1 X SSC, 0.1 % SDS. Southern blots were hybridized in 6 X SSC, 5 X Denhardt, 0.5% SDS, and 100,ug/ml sheared salmon sperm DNA at 65°C for 16-18 h. Washes were performed in 5 X SSC 0.5% SDS, 2 X SSC 0.1 % SDS, 1 X SSC 0.1% SDS and 0.1 X SSC 0.1% SDS for 20 min at 65°e. Filters were exposed to X-OMAT films (Kodak) for varying times depending on the probe and blot used.
In situ hybridization experiments
The plasmid containing the 321 nucleotide insert fragment of the PwDlx-3 cDNA (Fig. lA) was linearized and transcribed using T3 or T7 RNA polymerase with the RNA transcription kit (Stratagene) according to the manufacturer's instructions. However, instead of the rNTP mix, we used the Dig UTP labeling mix (Boehringer). Dot blots were made to determine the level of digoxygenin incorporation and to compare the labeling of the sense and antisense probes using the supplier's instructions (Boehringer). Pleurodeles waltl tissues were excised and fixed with 2% paraformaldehyde (PAF) in 0.1 M phosphate buffer (PB; pH 7.2) for 3 h at 4°C, rapidly washed in 0.1 M PB (pH 7.2), immersed in 10% sucrose solution for 1 h and in 20% sucrose solution for 1-2 h to cryoprotect them. Tissues were frozen in liquid nitrogen and embedded in Tissue-Tek OCT compound (Miles Inc.). Sections of 12,um were cut using a cryostat (Microm), collected on siliconized slides (Silane-prep slides SIGMA) and stored at -80°C before use. Tissues were rehydrated in 1 X SSC. RNase A control slides were treated with 10 mg/ml of RNase A for 10 min in 300 mM NaCI, 10 mM Tris-HCI (pH 7.5) and 5 mM EDTA and rinsed twice with 1 X SSe. All the slides were treated with proteinase K (3,ug/ml) for 10 min in 1 X SSe. Sections were fixed once more with 4% PAF, 0.1 M PB (pH 7.2) for 15 min, washed with 4 X SSC twice for 5 min. Slides were prehybridized in 4 X SSC, 1 X Denhardt for 10 min and then for 1 h in the same solution. Slides were then washed twice in 4 X SSC for 10 min and dehydrated in graded baths of ethanol: 10 min in 70%, 10 min in 80%, twice for 5 min in 95% and three times for 5 min in 100% EtOH. Slides were air-dried for at least 30 min and 10,u1 of hybridization buffer (4 X SSC, 1 X Denhardt, 100 mM PB (pH 7.2), 1 % dextran sulfate, 0.9% sarcosyl, 300,ug/ml of sheared salmon sperm DNA, 150,ug/ml of tRNA and 100,ug/ml of poly A), containing the RNA probe previously heated to 65°C, were deposited on the tissue sections. Sections were covered with a piece of Parafilm. Slides were incubated overnight in a humid chamber at 42°C. The Parafilm was removed and the slides were rinsed three times for 15 min with 4 X SSC at 42°C, once for 10 min and once for 30 min in 1 x SSC at room temperature (RT) and once for 15 min in 0.1 X SSC at RT. Slides were treated with RNase A for 5 min at RT and fixed with 1 % PAF, 0.1 M PB (pH 7.2). They were then rinsed rapidly with 0.1 M glycin, 0.1 M PB (pH 7.4) and washed in the same buffer for 1 h. Slides were incubated for 2 min in B 1 buffer (100 mM Tris-HCl (pH 7.5), 150 mM NaCl) with 10% normal sheep serum (NSS), 30 min in B2 buffer (B 1 buffer 10% NSS, 0.3% Triton X-100), 15 min in Bl buffer 10% NSS and then incubated for 2 h in B2 buffer with anti-Digoxigenin alkaline phosphatase conjugate (Boehringer) 1 :500 in a humid chamber. After three washes with B 1 buffer 10% NSS for 10 min, the slides were incubated in B3 buffer (0.1 M Tris, 0.1 M NaCl, 50,uM MgCl 2 (pH 9.5» for 2 min and then with NBT, BCIP (according to supplier's instructions; Gibco BRL) and levamisole (0.24 mg/m!) in B3 buffer overnight. Coloration was stopped with B4 buffer (Tris-HCl 10 mM (pH 8.0), EDTA 1 mM) and slides were mounted with Mowiol.
Quantitative RT-PCR assays
Total RNA was purified from different frozen adult tissues according to standard procedures (Chirgwin et aI., 1979) . For embryos, total RNA was isolated using a modification of the guanidinium isothiocyanate-phenolchloroform method (Chomczynski and Sacchi, 1987) . Frozen embryos were homogenized in 4 M guanidinium isothiocyanate, 25 mM sodium citrate (pH 7.0) and 0.5% (w/v) sarkosyl. RNA was extracted with phenolchloroform and then precipitated with ethanol. Genomic DNA and polysaccharides were removed by a further LiCI precipitation. Tissue from regenerating ependymal tubes was collected in 800,um thick transversal frozen sections of a blastema using biopsy needles (0.7 mm in diameter); 10-15 punches were collected. Simultaneously, regenerating muscles were dissected from the frozen sections free of wound epidermis. RNA from the three tissues was extracted with RNA NOW kit (Biogentex). The amount of total RNA from adult tissues, regenerating muscles and wound epidermis was quantified using optical calibration. GAPDH (gift from Shi D.L., Laboratoire de Biologie Experimentale, UA CNRS 1135, Quai St. Bernard, 75005 Paris), a typical 'housekeeping' gene known to be present at a constant level in all tissues (Fort et aI., 1985) , was used as the internal standard for quantitative RT-PCR. Reverse transcription was performed with 5,ug of total RNA from adult tissues, regenerating muscles and wound epithelium. Due to the small amount of total RNA collected after punch extraction from the ependymal tube, optical calibration was not possible with this sample. Thus, reverse transcription was performed with all the RNA collected. Specific primers for the Pleurodeles waltl GAPDH gene, 5'-GCCAGACA-GTTTGTAGTCCAAGAGG-3', and the PwDlx-3 gene, 5'-CTGCAGGTGAGGCCCTGACAAGTTC-3' positions 1552-1576, were used to synthesized cDNA with the First-Strand cDNA Synthesis Kit (Pharmacia) according to the supplier's instructions. Multiplex PCR reaction was performed with a PwDlx-3-specific set of primers: 5'-CCGAGGTGAGGATGGTGAAC-3', positions 1143-1162, and 5'-CAAGTTCTGTGGGTG-GTGGT-3', positions 1539-1558; and with a GAPDH-specific set of primers: 5'-GATTCAAAGGCACCGTCAAG-3' and 5'-GCGTTGCTTACTACCAGGGA-3'. The DNA fragments produced were 416 bp and 277 bp, respectively. Sixteen or 20 (for ependymal tube eDNA) amplification cycles were realized with an annealing temperature of 60°C. The resulting products were loaded on a 2% agarose gel. DNA was transferred onto Hybond-C super membrane (Amersham) according to standard protocols (Sambrook et aI., 1989) . Southern blot was hybridized with PwDlx-3 and GAPDH radioactive probes as described previously. The amount of GAPDH PCR product was quantified using a bio-imaging analyzer and NIH image analyzer software. This calibration allowed us to adjust the volumes of the PCR reactions loaded on the agarose gel.
